Biological actions resulting from phosphoinositide synthesis trigger multiple downstream signalling cascades by recruiting proteins with pleckstrin homology domains, including phosphoinositide-dependent kinase-1 and protein kinase B (also known as Akt). Retrospectively, more attention has been focused on the plasma membrane-associated interactions of these molecules and resulting cytoplasmic target activation. The complex biological activities exerted by Akt activation suggest, however, that more subtle and complex subcellular control mechanisms are involved. This review examines the regulation of Akt activity from the perspective of subcellular compartmentalization and focuses specifically upon the actions of Akt activation downstream from phosphoinositide synthesis that influence cell biology by altering nuclear signalling leading to Pim-1 kinase induction as well as hexokinase phosphorylation that, together with Akt, serves to preserve mitochondrial integrity.
Introduction
Akt serves as a critical nexus of integration between cellular stimuli and subsequent adaptive responses, and the pervasiveness of Akt signalling has made it one of the most extensively characterized kinases in the myocardium. The substrates of Akt influence every aspect of cellular functions including not only growth, survival, and proliferation, but also metabolism, glucose uptake, gene expression, and cell-cell communication via initiation of paracrine and autocrine factor production. The explosion of our experimental and practical understanding of molecular signal transduction in both normal and pathological conditions revealed Akt as a canonical example of the complexity that lies beneath integration of signals for maintenance of homeostasis. 1 To accomplish this diverse, intricate, and wide-ranging set of functions, Akt traverses the cell interior with regulated localization that places the kinase in specific subcellular compartments in a defined temporal sequence. [2] [3] [4] [5] Much of the literature has focused upon Akt activity and functional effects in the cytoplasm and at the plasma membrane and this has been recently and thoroughly reviewed. [6] [7] [8] [9] It is becoming increasingly clear, however, that activity of Akt in additional subcellular compartments is a key determinant of its biological effects. This review focuses upon two such subcellular sites for Akt action: the nucleus and the mitochondria. The nascent nature and limited number of studies regarding consequences of nuclear or mitochondrial Akt activity in the myocardium requires extrapolation from non-cardiac literature to present a coherent emerging picture of this rapidly advancing area of investigation. Thus, this review encompasses a mixture of more established studies from non-cardiac cells as well as relevant publications that expand our understanding of nuclear and mitochondrial Akt biology into the realm of cardiomyocyte biology. To provide a contextual background for Akt activation leading to effects in subcellular compartments, we begin with a brief overview of the well-established cytoplasmic Akt activation paradigm.
Akt activation at the plasma membrane and cytoplasmic targets
Phosphoinositide 3-kinase (PI3K) catalyses the formation of 3 0 phosphorylated phospholipids which play a ubiquitous role in cell growth, proliferation, survival, migration, metabolism, and other biological responses. 10 Class I PI3Ks are activated by receptor tyrosine kinase/cytokine receptor activation (class I A and PI3Ka, b, and d) or by G-protein coupled receptors (GPCRs) (Class I B and PI3Kg), leading to increased phosphatidylinositol (3, 4, 5) trisphosphate (PIP 3 ) levels. Akt inactivity is maintained by interaction between its PH domain and kinase domains. 11 Mammalian cells possess three closely related Akt genes that produce the eponymous protein products of Akt 1 (PKBa), Akt2 (PKBb), and Akt3 (PKBg). These isoforms exhibit functionally different effects in non-myocytes (reviewed in ref. 6 ) as well as in cardiomyocytes. [12] [13] [14] Pursuant to receptor stimulation, elevation of PIP 3 level induces concentration of molecules possessing PH domains at the plasma membrane promoting interaction between phosphoinositide-dependent protein kinase 1 (PDK1) and Akt resulting in allowing PDK1 to phosphorylate Akt at the T-loop Thr 308 residue. 15, 16 Activated Akt remains in activated form upon dissociation from the plasma membrane and accumulates both in the cytoplasm and the nucleus. 11 A second phosphorylation within a Cterminal hydrophobic motif at Ser 473 is mediated by the mTOR complex 2 (mTORC2) empowering Akt to be fully activated. 17, 18 Activated Akt is then able to phosphorylate a plethora of downstream targets that run the gamut of cellular regulatory agents controlling glucose transport, glycolysis, glycogen synthesis, and suppression of gluconeogenesis to protein synthesis, cell size enlargement, cell cycle progression, repression of apoptosis, and preservation of mitochondrial integrity. Notable players phosphorylated by Akt include well-known effectors such as glycogen synthase kinase 3 (GSK-3), PTEN, Mdm2, PRAS40, BAD, and the FOXO class of transcription factors that help guide the specificity of Akt dependent signalling as detailed in a number of recent review articles. 1, 6, 7, 9, 19, 20 There is abundant evidence that activated Akt prevents cardiomyocyte apoptosis induced by multiple pathological insults including ischaemia reperfusion, 21, 22 pressure overload, 23 hypoxia, 24 hypoglycaemia, 25 or cardiotoxic drugs. 26 Thus, the net result of PI3K activity is enhanced Akt activation that impacts cardiomyocyte survival, remodelling, and myocardial proliferation. 27, 28 Constitutive and sustained Akt activation resulting from adenoviral gene transfer or transgenic expression induces hypertrophy in cardiomyocytes through phosphorylation of target substrate molecules which are predominantly located in the cytoplasm and leads to hypertrophic cardiomyopathy in vivo. 29, 30 These observations suggest that not only the extent of Akt activation, but also spatio-and temporal aspects are important factors to understand the role of Akt in physiological and pathophysiological setting.
Cellular targets of Akt mediating pro-proliferative and anti-apoptotic effects reside within the nuclear compartment. [31] [32] [33] Effects of nuclear Akt signalling have been studied by our group through the use of a modified Akt expressed in wild-type (non-activated) form, but targeted to the nucleus by incorporation of a nuclear localization signal (Akt-nuc). 27 Akt-nuc exerts significant cardioprotective, proliferative, and inotropic effects in cardiomyocytes 27, 28, 34 without induction of hypertrophic response both in vitro and in vivo.
23 Akt-nuc shows these biological activities reminiscent of physiological stimulation by insulinlike growth factor 1 (IGF-1) 21, [35] [36] [37] or estrogenic [38] [39] [40] stimulation despite being targeted directly to the nucleus rather than being initiated via the conventional paradigm of membrane-associated activation and subsequent nuclear accumulation. 10 Remarkably, genetic deletion of Akt results in exaggerated hypertrophic remodelling in response to pathological challenge, 13 consistent with the antihypertrophic effects observed with nuclear-targeted Akt. These effects are distinctly divergent from those reported in earlier studies of transgenic cardiac-specific Akt activity in which phosphomimetic or myristoylated forms of Akt were found to induce alterations in myocardial structure and function consistent with hypertrophic remodelling and/or cardiomyopathy. 29, 30, [41] [42] [43] The findings that the salutary effects of nuclear Akt accumulation in cardiomyocytes are more closely resemble those seen with physiological activity of Akt lends support to the postulate that biologically relevant targets of Akt action are located within the nuclear compartment.
Nuclear Akt
The concept that nuclear Akt accumulation plays a critical role in myocardial biology has been advanced in several published studies and editorials. 23, 27, 28, 34, [44] [45] [46] [47] [48] [49] [50] In the first of a series of nuclear-targeted Akt-related publications, a wildtype Akt was used to maintain near-physiologic levels of kinase activity with targeting mediated by a concatameric nuclear localization sequence. Nuclear accumulation of Akt was shown to produce profound anti-apoptotic activity without evidence of hypertrophic growth in either cultured cardiomyocytes or genetically engineered mice that specifically expressed nuclear targeted Akt. 27 Inhibition of apoptosis was comparable to that seen for myristoylated Akt, and prevention of ischaemia/reperfusion (I/R) damage in vivo was comparable to the potent effect of pre-conditioning. Expression of nuclear-targeted Akt mimicked beneficial characteristics of IGF-mediated protection without maladaptive hypertrophy or undesirable paracrine-signalling side effects. Subsequent publications demonstrated that the nuclear accumulation of Akt is anti-hypertrophic, 23 in agreement with findings obtained with Akt knockout mice in which there was exaggerated hypertrophy in response to pathologic challenge. 13 Interestingly, the proliferation of myocardial stem and progenitor cell populations is also enhanced by myocardial-specific nuclear Akt expression, casting new light upon the implementation of Akt activity as a molecular interventional approach for treatment of cardiomyopathic damage resulting from acute injury, chronic stress, or the debilitating changes of aging. 28, 49 While the mechanistic basis and consequences of nuclear Akt accumulation remain the subject of ongoing investigations, initial forays into this area indicate a range of possibilities as diverse and multifaceted as those uncovered for cytoplasmic effects. Nuclear import of Akt in cardiomyocytes may be facilitated by interaction with the cytoskeletal protein zyxin, which interacts with Akt and constitutively shuttles through the nuclear compartment. 47 Studies in cancer cell lines demonstrate that Akt is actively transported to the nucleus and that this appears to be conformation dependent, although the functionality of an embedded nuclear export sequence within Akt remains uncertain. 51, 52 The oncogenic protein TCL-1 promotes Akt activation and nuclear translocation in T cell leukaemia. 53 There are many cellular targets of Akt that are involved in nuclear signalling events, including (but are not limited to) regulators of cell survival and senescence such as S6 kinase, 54 forkhead transcription factors, [55] [56] [57] BRCA1, 58, 59 p21Cip1/WAF, [60] [61] [62] 83, 84 or activation facilitated by interaction with Hsp27 85 as well as Hsp20, 86 with the latter found to be cardioprotective via increased Akt activity against doxorubicin-induced cardiomyopathy. The control of cell cycle and commitment or pluripotency may also be influenced by Akt nuclear actions. Transitions in the nuclear vs. cytoplasmic localization of Akt correlate with cell cycle phases in Rat1 cells. 5 Introduction of Akt dramatically alters the outcome of nuclear reprogramming experiments by enhancing pluripotency of cell fusion or diminishing the developmental potential of somatic cell nuclear transfer. 87 Although much of the aforementioned studies were performed in non-cardiac systems, the implications and future directions for nuclear Akt signal transduction and the implications for influencing cardiomyocyte biology are abundantly clear.
Regulation of nuclear Akt activity: phosphoinositide signalling?
Cellular targets of Akt mediating pro-proliferative or antiapoptotic effects are known to reside within the nuclear compartment. [31] [32] [33] Nuclear-targeted Akt shows these biological activities despite being targeted directly to the nucleus rather than the conventional paradigm of membrane-associated activation and subsequent nuclear accumulation. 10 The inherent activity of nuclear-targeted Akt may depend upon a nuclear PI3K/PDK1 signalling network present in cardiomyocytes that can be augmented in response to cardioprotective stimulation. Precedents in the literature support the existence of a nuclear phosphoinositide signalling mechanism that exerts significant influences upon nuclear Akt signalling. It is important to stipulate that the following construction for nuclear regulation of Akt activity remains to be confirmed in the cardiomyocyte context, but the abundance of preceding knowledge serves as a valuable guide to design ongoing and future studies in this area.
Although the plasma membrane is the major site for phosphatidylinositol (3,4,5) trisphosphate (PI(3,4,5)P 3 ) accumulation, several different nuclear phosphatidylinositol phosphates (PIPs) independent of the cytosolic pool have been identified thus far including PI(3,4,5)P 3 generated by Type I PI3K. 88, 89 This nuclear PI(3,4,5)P 3 is consistent with prior reports of intra-nuclear Type I PI3K, [90] [91] [92] [93] a regulatory GTPase called PIKE, [94] [95] [96] and PI(3,4,5)P 3 -specific phosphatases SHIP2 and PTEN. 97 Cell culture studies suggest independent regulation of the nuclear pool separate from cytosolic PTEN-mediated metabolism. 98 Inferential evidence for nuclear lipid second messenger signalling in rat brain shows a PI(3,4,5)P 3 -binding protein that accumulates in the nucleus with export mediated by constitutively activated PI3K. 99 The nuclear signalling connection between PI(3,4,5)P 3 and Akt could be mediated through nucleophosmin/B23, a nuclear PI(3,4,5)P 3 receptor that binds to Akt. 100 In turn, Akt binding prevents proteolytic cleavage of nucleophosmin/B23 that allows for enhanced antiapoptotic signalling. 101 The paradigm of phospholipids signalling primarily at the plasma membrane has shifted to incorporate an independent nuclear phospholipid cycle [102] [103] [104] as well as plasma membrane-associated events being initiated by a nuclear phosphoinositide signalling cascade. [105] [106] [107] Nuclear localization of components of the PI3K signalling pathway was first reported in 1994 when PI3K was found to translocate to the nucleus of PC12 cells upon nerve growth factor treatment. 105 Following this initial report, similar results were described in various cell types (HepG2 cells, osteoblast-like MC3T3-E1 cells, and others) after stimulation by insulin, IGF-1, and platelet derived growth factor. 90, 92, 108 PI3K is not the only Akt-regulatory component found to shuttle or exist in the nucleus; PDK1 and PTEN also translocate to the nucleus upon stimulation or to reside in the nucleus under basal conditions. 106, 107, 109, 110 The idea of a PI3K/Akt pathway present in the nucleus of cardiomyocytes under normal conditions, or being recruited after stimulation, adds another level of regulation for the phosphorylation of Akt and its targets in the nucleus. Several studies have shown that Akt phosphorylation is not required for nuclear translocation, 52, 111, 112 which makes the idea of nuclear activation of Akt even more appealing 113 as supported by studies in continuous cultured cell lines with GFP-tagged Akt constructs. 51 Specifically in the context of the cardiomyocyte, our group has examined the nuclear accumulation of PI3K and PDK1 in response to cardioprotective stimulation. 114 Stimulation with atrial natriuretic peptide previously shown to stimulate nuclear Akt accumulation 47 resulted in concomitant nuclear accumulation of both PI3K and PDK1. Similar findings of nuclear PI3K accumulation were observed in the border zone surrounding infarcts in mice. Thus, it seems reasonable to posit that a dynamically regulated nuclearassociated signalling cascade for Akt activation involving PI3K and PDK1 operates in cardiomyocytes as hypothetically depicted in Figure 1 ***.
Pim-1 kinase downstream of nuclear Akt activity
Pro-survival and proliferative effects of Akt activity in the myocardium are well documented. 21, 27, 115 However, recent evidence indicates that these actions previously ascribed to Akt are actually mediated by a downstream kinase called Pim-1, 50,79 one of a three-member family of serine/ threonine kinases belonging to the calmodulin-dependent protein kinase related group. 116, 117 Pim-1 was originally identified as a proto-oncogene and subsequently found to be a highly conserved serine/threonine kinase. Unlike other serine/threonine kinases (e.g. Akt, MAPK, PKA, or PKC), Pim-1 phosphotransferase activity is not regulated by upstream kinases-it is active in nascent translated form. Thus, Pim-1 activity is regulated by concerted control of gene transcription, mRNA translation, and protein degradation. The target phosphorylation consensus sequence for Pim-1 is found in proteins mediating transcription, cell growth, proliferation, and survival. While Pim-1 overexpression alone is not highly oncogenic, it does predispose cells to transformation upon exposure to mutagens. 118, 119 In general, Pim-1 up-regulation enhances cell survival, whereas loss of Pim-1 increases apoptotic cell death. The protective effect of Pim-1 is dependent upon kinase activity as borne out by experiments using a dominant negative kinase dead mutant construct. 120, 121 Occasional exceptions wherein Pim-1 activity increases cell death seem to result from differences in the cellular backgrounds where Pim-1 was studied. Increased Pim-1 expression also associated with cellular differentiation [122] [123] [124] as well as proliferation. 125, 126 Pim-1 expression is stimulated by a variety of hormones, cytokines, and mitogens, many of which are associated with cardioprotective signalling. 127, 128 These multiple inductive stimuli lead to an accepted survival kinase in the myocardium, Akt/protein kinase B (PKB). However, the connection of Akt-mediated effects to Pim-1 mediated signalling in the myocardial context had been overlooked. Pim-1 shares homology with two related family members that have largely overlapping functions named Pim-2 and Pim-3, although the latter two isoforms are not highly expressed in the heart. 50 There were compelling reasons to examine Pim-1 downstream of Akt signalling based upon observations derived from fields of cancer biology and haematopoiesis. Expression of Pim-1 is increased by Akt activation 129 and studies using LY294002 to block PI3-K activity were also inadvertently inhibiting Pim-1 kinase activity as well. 130 Despite some parallels between Pim-1 and Akt, these kinases exhibit distinct effects in regulation of cell growth and survival. 131 Independent aspects of Pim-1 mediated signalling are waiting to be teased apart from overlaps with Akt using knockout mouse lines in conjunction with overexpression approaches, thereby providing new insight regarding regulation of myocardial survival and proliferation. Such studies with haematopoietic cells have revealed that Pim-2 and Akt are critical components of overlapping but independent signalling pathways responsible for enhancement of growth and survival. 131, 132 Mouse lines engineered with deletion of Pim-1 or triple knockouts deficient for all Pim kinases are viable without severe phenotypic effects. 133 Last year, our group extended observations of Pim-1 expression to include the myocardium, where Pim-1 expression is found in cardiomyocytes of the postnatal heart and is down regulated within a few weeks after birth. 50 Induction of Pim-1 occurs after pathologic challenge to the adult heart, with accumulation and persistence of Pim-1 in surviving myocytes that border areas of infarction. Cardiac-specific expression of Pim-1 was highly protective in response to infarction challenge, whereas genetic deletion of Pim-1 rendered mice more susceptible to infarction damage despite significant compensatory increases in Akt expression and phosphorylation. These findings point to Pim-1 as a critical downstream participant in Akt-mediated cardioprotection, with implications for Pim-1 as a participant in survival, proliferative, and reparative processes previously associated with Akt activity as summarized in 
Tying Pim-1 to preservation of mitochondrial integrity
The apparent conundrum of anti-apoptotic actions mediated by nuclear accumulation of Akt can be readily explained, at least in part, by cytosolic effects of Pim-1. The list of target molecules for Pim-1 kinase continues to accumulate new members every year, many of which regulate cell cycle progression and apoptosis. In the context of this review, the capacity of Pim-1 to inactivate pro-apoptotic Bad protein via phosphorylation and enhance Bcl-2 activity 132,137,138 is reminiscent of prior investigations of cardiomyocyte survival signalling. 139, 140 Evidence supporting a critical role for Pim-1 as a mediator of mitochondrial-based cardioprotection is further supported by recent studies in our laboratory that show Pim-1 activity enhances mitochondrial resistance to calcium-induced swelling and inhibits cytochrome c release in response to apoptotic stimuli (Sussman, unpublished results).
Mitochondrial Akt
Since mitochondria act as integrators of multiple cellular conditions reflecting physiological and genomic stresses, it is reasonable to expect that kinase signalling mechanisms influencing cell survival impinge either directly or indirectly upon mitochondrial integrity. Indeed, a cornucopia of studies have documented the influence of each major kinase signalling pathway including PKA, PKC, ERK, JNK, p38, and Akt on mitochondrial activity. 141 The connection between IGF signalling, Akt, and mitochondrial protection points to the interplay of Akt with mitochondria. 36 Moreover, the cardioprotective of Akt has been suggested to depend upon translocation from the cytosol to mitochondria 142 where it inhibits opening of the permeability transition pore to maintain mitochondrial integrity. [143] [144] [145] As the role of Akt in protection of mitochondrial integrity has recently been reviewed in detail. 146 Accordingly, this section will summarize basic principles of intrinsic cell death and introduce recent advances regarding the role for hexokinases and other effectors in Akt-mediated mitochondrial protection in the myocardium.
Mitochondrial death pathway
Cardiomyocyte death is an established contributor to the cardiac pathophysiology that occurs with I/R injury and the development of heart failure. [147] [148] [149] [150] [151] [152] [153] There are two major apoptotic pathways referred to as extrinsic (death receptor pathway) and intrinsic (mitochondrial pathway). The mitochondrial death pathway is the main executor of induction of apoptosis as well as necrosis in response to variety of stress signals in the heart; thus, we will focus on the mitochondrial death pathway in this review.
Several lines of evidence demonstrate that cardiomyocyte injury induced by I/R results from increased cytosolic Ca 2þ and generation of reactive oxygen species (ROS) which subsequently leads to opening of the mitochondrial PT-pore. 152, [154] [155] [156] [157] The PT-pore is a mega channel which spans the inner mitochondrial membrane and outer mitochondrial membrane (OMM). Ca 2þ -induced PT-pore opening was first reported in the 1970s. Upon its opening, the PT-pore allows permeation of solutes up to 1500 Da, resulting in dissipation of mitochondrial membrane potential (which usually drives ATP production), mitochondrial swelling, and rupture of OMM. Opening of the PT-pore eventually induces necrotic and apoptotic cell death, contributing to heart diseases. 148, 152, [154] [155] [156] [157] [158] [159] The type of cell death induced by the PT-pore is dependent on the availability of cellular ATP, and recent evidence suggests that PT-pore opening primarily induces necrosis. The PT-pore has been postulated to be composed of a voltage-dependent anion channel (VDAC), Figure 2 Summary of the multifaceted effects mediated by Pim-1 in cardiomyocytes and in the myocardium as delineated in published studies. 50, 79 adenine nucleotide translocase (ANT), cyclophilin D (Cyp-D), and hexokinase-II (HK-II). 152 However, the molecular composition of the PT-pore is still not clear. Recent genetic studies indicate that VDAC and ANT are not essential for PT-pore opening. 160, 161 In contrast, mitochondria isolated from Cyp-D knockout (KO) mice are resistant to Ca 2þ overload-induced PT-pore opening. Two different groups have demonstrated that the Cyp-D KO mouse heart is resistant to I/R injury and Ca 2þ /ROS induced necrotic cell death, 148, 159 lending further credence to the hypothesis that opening of the PT-pore is a critical mediator in heart disease.
Bcl-2 family proteins play a central role in controlling mitochondrial apoptosis pathway. The pro-apoptotic group of Bcl-2 family proteins including BAX and BAK are activated under stress conditions and elicit mitochondrial outer membrane permeabilization (MOMP), resulting in release of apoptotic molecules such as cytochrome c, apoptosis inducing factor (AIF), Smac and HrtA2/Omi, subsequent caspase-9/caspase-3 activation, and the development of apoptosis. Pro-apoptotic BH3-only proteins (Bad, BID, BIM, and PUMA) promote MOMP by activation of BAX/BAK or by antagonizing inhibitory effects of Bcl-2 and Bcl-X L on BAX/ BAK. 88 Interactions between the PT-pore and the Bcl-2 family proteins have been also postulated although this idea is still controversial. Thus, Bax does not affect Ca 2þ induced PT-pore opening in isolated mitochondria 162 nor does overexpression of anti-apoptotic Bcl-2 protein inhibit Ca 2þ mediated PT-pore. 163 Knockdown of Cyp-D prevents the PT-pore and Ca 2þ -mediated necrotic cell death, but not apoptotic cell death. 148 Therefore, it appears that PT-pore and Bcl-2 family proteins independently regulate mitochondrial permeability. Nonetheless, recent studies have unveiled non-mitochondrial actions of Bcl-2 family proteins. Growing evidence suggest that apoptotic Bcl-2 family proteins can localize to ER/SR and increase ER/SR Ca 2þ loading, resulting in subsequent induction of supraphysiological level of Ca 2þ release and PT-pore opening. [164] [165] [166] [167] Thus, Ca 2þ signalling in between ER/SR and mitochondria links these two distinct cell death mechanisms as observed in Nix, a BH-3-only protein, mediated cell death in cardiomyocytes. 167 
Akt, cardioprotection, and mitochondria
Akt plays a major role in cell survival signal in many cell types 21 ,24,168 and as indicated above, Akt is protective against I/R injury in the heart. Initial and direct evidence of Akt-mediated cardioprotection was demonstrated by two groups by using gene transfer of WT or constitutively activated Akt. 21, 24 It has been also shown that Akt activated in response to receptor stimulations such as receptor tyrosine kinases, 21 ,24 glycoprotein 130, [169] [170] [171] and GPCRs 172-176 can also confer protection in the heart. Akt activation by insulin or S1P decreases I/R damage in the isolated perfused heart or in vivo [176] [177] [178] and Akt activation has been implicated in cardioprotection mediated by pre-conditioning. 140, [179] [180] [181] Both chronic (transcriptional) and acute (posttranscriptional) effects of Akt are implicated in its Akt-mediated cardioprotective effect. The cardioprotective effects of Akt activation by agonists observed in I/R models occur within minutes to hours. These are unlikely to be mediated through transcriptional or translational events, but likely result from modification of proteins by Akt-mediated phosphorylation.
As mentioned in the introduction, activated Akt translocates to and executes diverse cellular effects in various subcellular compartments. 3, 4, 45, 182, 183 Visualization of Akt activation using FRET-based Akt activity reporters in noncardiac cells has demonstrated that activated Akt translocates to mitochondria and the nucleus. 3, 182 Translocation of activated Akt to mitochondria was initially reported in neuronal cells 4 and has more recently been observed in cardiomyocytes stimulated by LIF or late preconditioning. 142, 183 Therefore, Akt could prevent cell death not only through modulation of cytosolic molecules or effects at the nucleus (as discussed above), but also through direct effects at mitochondria.
Akt and mitochondrial protection 5.1 Bcl-2 family proteins
The ability of Bcl-2 pro-apoptotic proteins to mediate induction of apoptosis through MOMP was described above. Bad, a BH3-only apoptotic protein, was the first Bcl-2 family protein to be discovered as a Akt target molecule. Akt phosphorylates Bad at Ser136 and this leads to dissociation of Bad from protective Bcl-2 proteins Bcl-X L , resulting in inhibition of Bax/Bak mediated pore formation. 184, 185 Bad phosphorylation by Akt agonists such as insulin, cardiotrophin-1, and LIF has also been reported in the heart. 26, 169, 177, 186 Akt has also been reported to phosphorylate and inhibit Bax. Yamaguchi and Wang 187 first reported using FL5.12 cells that phosphorylation of Bax by Akt prevents the conformational change in Bax associated with its activation as well as its translocation to mitochondria. Subsequent studies have found that Akt phosphorylates Bax at Ser184 in yeast and neutrophils. 188, 189 A previous study demonstrated that Bax ablation protects isolated hearts against I/R injury, suggesting that Bax plays a role in cardiac injury. 190 However, to our knowledge, Bax phosphorylation by Akt has not been reported in cardiomyocytes and thus the role of regulation of Bax by Akt-mediated phosphorylation in the heart is not clear.
In addition to direct modulation of Bcl-2 family proteins by phosphorylation, it has been reported that Akt regulates expression levels of protective Bcl-2 family proteins by multiple pathways. LIF treatment inhibits doxorubicin-induced decreases in Bcl-X L expression in cardiomyocytes 26 and it has been also reported that VEGF induces Bcl-2 upregulation through Akt and PKCe in endothelial cell. 191, 192 Bcl-2 levels are decreased by I/R in the heart and this is prevented by pre-conditioning through Akt activation. 68 Thus, Akt appears to preserve protective Bcl-2 family proteins although it is still not clear whether this occurs through transcriptional regulation or whether protein degradation is prevented.
GSK-3ß
GSK-3 is a Ser/Thr protein kinase that was originally identified as a key regulator of glycogen synthesis. 193 Subsequently, it has been shown to regulate many cellular functions, including regulation of cell death. There are two isoforms, GSK-3a and -3b and Akt phosphorylates GSK-3a and -b at Ser21 and Ser9, respectively, inhibiting GSK kinase activity. 194 The role of GSK-3b in the heart has been extensively studied. An initial study in the heart from Murphy's laboratory demonstrated that the inhibition of GSK-3b is cardioprotective against I/R. 180 Sollott and coworkers 145 showed that GSK-3b could localize at mitochondria and that inhibition of GSK-3b was protective through PT-pore inhibition in ventricular myocytes. Expression of kinase inactive form of GSK-3ß protects rat ventricular myocytes in vitro 195 and dominant negative GSK-3ß TG mice show reduced apoptosis and fibrosis during transverse aortic constriction. 196 A recent study using transgenic mice expressing a form of GSK-3ß that cannot be phosphorylated at the site of Akt phosphorylation (GSK-3ß-S9A) has clearly shown that phosphorylation at this site is critical in inhibition of PT-pore opening by post-conditioning in the heart. 197 These results suggest that phosphorylation of GSK-3b by Akt at Ser9 is a critical mechanism for Aktmediated cardioprotection. Protection observed in GSK-3b-S9A TG mice is suggested to be Cyp-D independent 197 and occur upstream of the PT-pore. A recent study has proposed a model in which GSK-3 inhibition decreases VDAC2 phosphorylation and thus decreases mitochondrial ATP consumption during ischaemia, this contributes to cardioprotection by GSK-3 inhibition. 198 It has also been shown that GSK-3ß phosphorylates VDAC and disrupts mitochondrial binding of HK-II in non-cardiac cells. 199 Whether these are truly the only mechanism by which inhibition of GSK-3ß prevents PT-pore opening is still not clear because role of VDAC in PT-pore has been questioned.
Recent studies using non-phosphorylatable mutants of GSK-3a and -b knockin mice (KI mice) demonstrate unexpected results. Matsuda et al. 80 suggested that phosphorylation of GSK-3a plays a compensatory role, whereas phosphorylation of GSK-3b mediates pathophysiological responses to pressure overload. Regarding cell death, the authors observed that TAC induced apoptosis was enhanced by knockin of a dominant interfering GSK-3a, GSK-3a(S21A) and inhibited by knockin of GSK-3b(S9A), further suggesting that phosphorylation of GSK-3b at Ser9 is pro-apoptotic. This is a sharp contrast to the conclusions cited above using GSK-3b(S9A) TG mice where post-conditioning failed to protect heart. 197 Another recent study demonstrated that pre-conditioning and post-conditioning protected heart against I/R even in GSK-3a(S21A) and GSK-3b(S9A) double KI mice, suggesting that neither GSK-3 isoform is required for pre-and post-conditioning mediated cardioprotection. 200 Interestingly, this study showed the ability of insulin to prevent the PT-pore opening was preserved in double KI mice, suggesting another target of Akt for the PT-pore inhibition. Taken together, there remains controversy with regard to whether phosphorylation of and inhibition of GSK-3b is cardioprotective. These conflicting data might be due to different experimental settings, such as animal models (KD or S9A-TG vs. S21A/S9A KI mice), insults (TAC, ex vivo I/R and in vivo I/R), and methods for detection of the PT-pore opening (mitochondrial membrane potential detection, mitochondrial swelling assay and calcium retention capacity, etc.).
Regarding Bcl-2 family proteins and GSK-3, several studies have reported that GSK-3 has apoptotic effect through regulation of Bcl-2 family proteins. It has been shown that GSK-3ß phosphorylates VDAC and disrupts mitochondrial binding of HK-II in non-cardiac cells, facilitating BAX binding to VDAC and apoptosis. 199 Green and co-workers 201 first found that inhibition of GSK-3ß by Akt leads to stabilization of MCL-1, an anti-apoptotic Bcl-2 family protein, by preventing its ubiquitination and degradation. A similar upregulation in MCL-1 level by inhibition of GSK-3ß has been reported in cardiomyocytes. 196 In addition, mTOR complex-1 (mTORC1), which is activated by Akt, has been reported to translationally control Mcl-1 expression and promotes tumour cell survival. 202 Inhibition of GSK-3 by Aktmediated phosphorylation may contribute to cardioprotection through regulation of Bcl-2 family proteins and apoptosis.
Hexokinase (HK)
5.3.
Hexokinase and protection
While hexokinase is normally considered for its role in phosphorylating glucose to glucose-6-phosphate, driving glycolysis, HK-I and HK-II have mitochondrial binding motifs at their N-termini 203 and a significant fraction of total cellular HKs is associated with mitochondria. 203, 204 Tumour cells show increased Akt activity which facilitates tumour cells survival, and also enhanced glycolysis due to upregulation of HK expression. 205, 206 It is well known that Akt regulates metabolism through glucose uptake and it appears that energy metabolism and cell survival utilize convergent pathways in many organ systems. 206, 207 The importance of mitochondrial HKs in cell survival has only recently been considered, initiated by studies in the field of cancer research (see reviews; 206, [208] [209] [210] ). HK-I is ubiquitously expressed and HK-II is found to be predominantly expressed in insulin sensitive tissues including heart. In epithelial cell lines, growth factor (HB-EGF) was shown to increase HK activity and its protective effect against oxidative stress was mimicked by overexpression of HK-I. 211 Overexpressed HK-II also showed mitochondrial distribution, preserved mitochondrial integrity, and conferred protection under oxidative stress. 211, 212 Further, recombinant HK-I, but not yeast HK which lacks mitochondrial binding motif, inhibited Ca 2þ -induced mitochondrial swelling. 213 Conversely, dissociation of HK from mitochondria was shown to sensitize rat1a fibroblast to apoptotic cell death 214 or to induce PT-pore opening in Hela cells. 215 These results indicate that mitochondrial HKs are important in regulation of mitochondrial integrity and protective in various cell types. Indeed, very recent works including studies from one of our laboratories demonstrated that mitochondrial HK-II contributes to preservation of mitochondrial integrity in cardiomyocytes ( Figure 3) . Ardehali's group demonstrated that overexpression of HK-I or HK-II prevented mitochondrial membrane depolarization induced by H 2 O 2 in neonatal ventricular cardiomyocytes, and this protection was significantly blunted when mitochondrial binding motif deletion mutants of HK-I or HK-II were expressed, 216 suggesting that mitochondrial HKs could be cardioprotective. In contrast to overexpression of HK, it has been also shown that dissociation of HK-II from mitochondria increased PT-pore susceptibility to ROS in intact adult rat ventricular myocytes. 215 Our study suggested that mitochondrial HK-II is important in Akt mediated cardioprotection as described below. 183 Thus, mitochondrial HK-II would be an important regulator of the PT-pore in the heart.
Hexokinase as an Akt target
Several seminal studies have established mitochondrial HK-II as downstream effector by which Akt inhibits cell death. 206, 208, 214, 217 A study by Hay and co-workers was among the first to link mitochondrial HK-II to Akt-mediated mitochondrial protection. This work demonstrated that myr-Akt overexpression leads to increased mitochondrial HK activity and protects Rat1a fibroblasts against growth factor withdrawal and UV exposure and that ectopic HK-I expression mimicked the ability of Akt to inhibit apoptosis. 218 Our recent study using neonatal rat ventricular myocytes (NRVMs) and isolated mitochondria from adult mouse heart demonstrated that mitochondrial HK-II also plays a central role in Akt-mediated protection in the heart. 183 Akt activation by LIF in cardiomyocytes leads to active Akt accumulation at mitochondria, and increases the phosphorylation of mitochondrial HK-II, which has Akt consensus sequence (RxRxxS/T). This results in increased association of HK-II with mitochondria and confers protection against PT-pore opening induced by oxidative stress in cardiomyocytes or against Ca 2þ overload in permeabilized cardiomyocytes or isolated mitochondria. 183 Conversely, we demonstrated that dissociation of HK-II from mitochondria diminishes LIF/Akt-mediated mitochondrial protection against oxidative stress. Notably, a recent report demonstrates that ischaemic pre-conditioning, as well as insulin and morphine (interventions known to activate Akt) increase mitochondrial hexokinase activity in the heart. 219 An immunogold labelling study in the heart has further demonstrated that insulin increases mitochondrial association of HK-I and HK-II but the increase is greater in HK-II than HK-I, suggesting the differential regulation of these two mitochondrial HKs distribution. 220 This is of particular interest as we found the Akt consensus sequence in mouse, rat, and human HK-II, but not in HK-I (or HK-III). Thus, Akt mediated phosphorylation and regulation of hexokinase distribution might be specific to HK-II. It remains to be determined whether HK-II is a mediator of cell survival in the intact heart, where HK-II is abundantly expressed. It has been shown that knockout of HK-II causes embryonic lethality and a partial KO (heterozygous) mouse has been utilized for metabolic studies. To determine the protective effects of mitochondrial HK-II in the heart, it will be necessary to develop and analyse cardiac-specific and inducible HK-II KO mice.
HK interacts with apoptotic Bcl-2 family proteins such as Bax and Bid. Specifically, HK-II was shown to interfere with the ability of Bax to bind to mitochondria and release cytochrome c. 217 The Akt-induced increase in mitochondrial HK-II is also associated with loss of t-Bid-mediated BAX and BAK activation at mitochondria. 221 These effects of HK-II on Bcl-2 family proteins have not been demonstrated in the heart, but it appears that the Akt/HK-II axis may have multiple targets to protect mitochondria.
Downstream inhibition after mitochondrial events
Akt has several additional targets through which it might inhibit development of apoptosis. The AIF is released from mitochondria, translocates to the nucleus, and is responsible for executing chromatin condensation and DNA fragmentation. This occurs in ventricular myocytes in response to oxidative stress. 222 A recent study shows that overexpression of active Akt inhibits the translocation of AIF to the nucleus in response to the pro-apoptotic lipid ceramide in neuroblastoma cells. 223 Akt has also been reported to phosphorylate and inhibit HtrA2/Omi activity. 224 HtrA2/Omi is mitochondrial serine protease which is released into the cytosol in response to stress, and binds to and inhibits IAPs (inhibitor of apoptotic proteins); this prevents caspase inhibition mediated by IAPs.
Once cytochrome c is released from mitochondria, it forms a molecular complex Apaf-1, dATP and procaspase-9, called apoptosome. After the formation of apoptosome, procaspase-9 is cleaved and activated, and this in turn activates downstream caspase, caspase-3. Human procaspase-9 has been shown to be phosphorylated by Akt, resulting in its inactivation. 225 This phosphorylation site, however, is not conserved in rat or mouse, and thus this is animal species dependent.
Upstream inhibition of mitochondrial events; cytosolic Ca 21 overload
As mentioned above, Ca 2þ overloading of mitochondria induces PT-pore opening, mitochondrial dysfunction, and cell death. Thus, another possible target for Akt mediated protection would be through inhibition of mitochondrial Ca 2þ overloading that occurs under pathophysiological conditions. We have observed that H 2 O 2 -induced cytosolic Ca 2þ overloading in NRVMs is inhibited by LIF pre-treatment, presumably through Akt activation (S. Miyamoto and J.H. Brown, unpublished results). Our earlier studies in NRVMs expressing constitutively activated Gaq demonstrated that there was downregulation of Na þ /Ca 2þ exchanger (NCX), decreased Ca 2þ extrusion, and induction of apoptosis, when Akt activity was decreased. 226 In line with these findings, a recent study suggests that Akt activation upregulates NCX-1 through transcriptional regulation and that this contributes to the Akt mediated protection against hypoxia in Figure 3 Akt preserves mitochondrial integrity against stress at multiple levels.
PC12 cells. 227 It is also well established that pharmacological inhibitors of Na þ /H þ exchanger (NHE) afford cardioprotection during I/R in vitro and in vivo. 228 A recent paper clearly demonstrates that NHE is a target for Akt phosphorylation and that Akt-mediated phosphorylation inhibits cardiac NHE activity. 229 The NHE extrudes H þ ions from intracellular space and imports Na þ ions in response to the acidosis that develops under ischaemia. The resulting intracellular accumulation of Na þ in turn inhibits Ca 2þ extrusion by NCX or even stimulates Ca 2þ influx by NCX (reversemode), leading to Ca 2þ overloading. Thus, dysregulation of Ca 2þ through NHE and NCX appears to be targets for Akt mediated Ca 2þ regulation under I/R. An interesting new finding is that Akt phosphorylates the type-I IP 3 receptor (IP 3 R) 230, 231 and that this inhibits IP 3 mediate Ca 2þ release and attenuates induction of apoptosis. 231 An Akt consensus sequence is found in all three IP3Rs. In non-cardiac cells, IP 3 -induced Ca 2þ release from the ER has been established as a major Ca 2þ source. Dysregulation of this Ca 2þ release mechanism has been considered to contribute to mitochondrial Ca 2þ overload because of the proximity of release site and mitochondria. 232, 233 Although the contribution of IP 3 receptors to Ca 2þ mobilization in the heart has not been fully established, IP 3 -sensitive Ca 2þ stores may indeed play a role in regulation of apoptosis, as recently discovered for IP 3 R contribution to gene expression in cardiomyocytes. 234 Notably, IP 3 R are upregulated in heart diseases, 235 suggesting that Akt/IP3R signalling could also play a role in regulating mitochondrial Ca 2þ and cardiomyocyte survival under pathophysiological conditions. Interestingly, apoptotic members of the Bcl-2 family proteins can localize to ER, induce ER Ca 2þ overload, result in supra-physiological levels of Ca 2þ release, and eventually lead to mitochondrial Ca 2þ overload. 236 In cardiomyocytes, Nix, a BH-3 only protein, is shown to localize at SR as well as at mitochondria. 167 This recent study suggests that Nix localizes to the SR and increases Ca 2þ content of the SR, leading to Ca 2þ overload induced PT-pore opening, while Nix at mitochondria induces MOMP in coordination with Bax and Bak. It will be of considerable interest to determine whether other Bcl-2 family proteins regulate SR-mitochondrial Ca 2þ crosstalk in the heart, and whether Akt mediated phosphorylation of Bcl-2 family proteins can lead to change in their ER/SR localization.
Conclusions
While the cardiovascular field has been fascinated by Akt signalling and the dramatic effects it has upon the myocardium for well over a decade, it is clear there remains considerably more complexity and subtlety to be teased apart. Akt activation regulates diverse cellular functions including cell survival, growth, and proliferation through transcriptional and post-transcriptional controls. Spatiotemporal dynamics of Akt activity plays a significant role in accomplishment of diverse and wide-ranging functions. Akt activation in response to receptor stimulation leads to mitochondrial translocation of active Akt and preservation of mitochondrial integrity, protecting cardiomyocytes against acute stress such as I/R. Increases in Akt activity in the nuclear compartment regulate gene expression and provide long-lasting cardioprotection against chronic stress including myocardial infarction. Thus, cellular compartmentalization of Akt signalling is responsible for diverse protective effects of Akt in cardiomyocytes. The challenge for future studies is not only to activate Akt, but to accomplish activation in the right place, at the right time, and at the right level to effect downstream responses with important therapeutic implications for the treatment and management of cardiovascular disease.
